However, the objective to obtain rapid reduction of blood pressure in pregnant patients with severe hypertension in an effort to prevent damage to the maternal brain and kidneys is complicated by the desire to avoid adverse effects on the uteroplacental circulation leading to fetal compromise. To maintain, or preferably increase, uterine blood flow under a reduced arterial pressure would require reduction of uteroplacental vascular resistance. Some clinical data suggest that such an effect does not occur following an intravenous bolus of diazoxide, with the consequence of fetal distress [20, 23] . Other studies, however; conclude that immediate reduction of maternal arterial pressure is without apparent hazard to the fetus [1, 8, 14, 15, 18] in particular when blood pressure is lowered gradually by slow infusion of diazoxide [28] or by intermittent administration of low doses [24] .
For obvious reasons, the direct and indirect hemodynamic effects of diazoxide on the uteroplacental and fetal circulations cannot be assessed quantitatively in hypertensive women. Experimental studies in various species of pregnant animals have been reported in the literature but none of the animals were hypertensive [3, 6, 16, 17, 21] . Since an experimental model of renovascular hypertension, based on the GOLDBLATT-mechanism is available in pregnant sheep [5] the present study was designed to study the short-time maternal and fetal hemodynamic effects of a bolus injection of diazoxide in chronically instrumented normotensive and hypertensive pregnant ewes.
Material and methods
All experiments were done in chronically instrumented pregnant ewes with a gestational age of 105-113 days and a single fetus as demonstrated by X-ray examination. In six ewes one-kidney renal hypertension was induced by the GOLD-BLATT-mechanism; these ewes constitute Group H. Five ewes served as controls (Group NH).
Surgical procedures
The ewes were starved for 12 hours prior to surgery. Surgical anesthesia was obtained with 60 per cent nitrous oxide and 0.5-4 volume per cent enflurane in oxygen following tracheal intubation and mechanical ventilation. The ewes which were to become hypertensive (Group H) were placed in a lateral position and a kidney was approached retroperitoneally through an oblique lumbar incision. The renal pedicle was divided between hemostats and the kidney was removed. A polyvinyl catheter was advanced into the descending aorta through the stump of the renal artery. The contralateral kidney was approached in the same manner through a contralateral lumbar incision. A calibrated electromagnetic flow transducer was placed around a portion of the renal artery, carefully cleaned of adhering tissue, and an inflatable cuff was fitted around the artery distal to the flow transducer. \ In the control animals (Group NH) an electromagnetic flow transducer was fitted around a renal artery, the contralateral kidney was left untouched. A polyvinyl catheter was introduced into the descending aorta through a femoral artery. The arterial catheter and the cable of the flow transducer were tunneled subcutaneously to the flank of the ewe, in one-kidney animals together with the tubing from the inflatable cuff, and placed in a pouch.
Renal arterial blood flow and arterial pressure were monitored frequently after surgery. When values were considered to be stable, usually two to three days after surgery, renal blood flow in the one-kidney animals was reduced by approximately 30% by inflating the cuff around the renal artery with sterile oil. The animals were monitored daily and renal arterial constriction was adjusted to maintain 20-30% reduction in renal blood flow. No experiments were done with the control animals. A second surgical procedure was performed in the one-kidney animals as well as in the controls under the same conditions one week after the first operation. A lower midline laparotomy was made, the pregnant uterine horn was exposed, and access to the fetus was obtained through a small myometrial window. A polyvinyl catheter was inserted into the fetal descending aorta through a femoral artery. An electromagnetic flow transducer was fitted around one umbilical artery close to the fetal abdominal wall or, in some cases, around the common umbilical artery via a retroperitoneal approach [2] . Finally, the fetus was equipped with EGG electrodes and the membranes and the uterine incision were closed. An electromagnetic flow transducer was placed around the main ascending branch of the uterine artery supplying the pregnant horn. All catheters and wires were brought out subcutaneously to the ewe's flank, and the abdominal incision was closed. Finally, a catheter was threaded into a maternal jugular vein through a small submandibular branch.
Experiments
Experiments were begun on the third day after the last operation, and repeated every second or third day. During the experiments the ewe was standing quietly in a specially designed movable cage. Flows, pressures and fetal ECG were continuously recorded. Fetal heart rate was derived from the ECG signal, maternal heart rate from the arterial pressure curve. All signals were recorded on a polygraph and stored on magnetic tape. Uterine, renal, and umbilical vascular resistances were calculated by dividing the mean arterial blood pressure by the blood flow in the uterine artery, the renal artery, and the umbilical artery, respectively. Following a control period of at least 30 minutes during which stable signals were obtained, a dose of 300 mg of diazoxide 1 (approximately 5 mg per kg of body weight) was administered intravenously as a bolus over a period of 30-60 seconds. In a number of experiments the injection of diazoxide was combined with rapid venous infusion of a plasma expander 2 ; 250 ml were given just prior to the injection of diazoxide, and 250 ml in the first five minutes following the injection. The fetal and maternal hemodynamic effects were recorded for at least two hours following injection. Samples of fetal and maternal arterial blood were drawn just prior to injection and 30 and 120 minutes following injection of diazoxide, for determination of blood gases and acid-base status.
Following the second operation the number of animals available for study in both groups decreased progressively due to obstruction of catheters, transducer failure, development of malignant hypertension with uremia, and fetal death or premature delivery. A total of 17 experiments could be performed in the six one-kidney animals of group H, nine with and eigjit without the use of plasma expander. In the five animals of group NH 10 experiments could be done, four with and six without plasma expansion. All results are presented as means ± S. D. throughout. Statistical analysis was done with appropriate nonparametric tests for paired and unpaired data, and p < 0.05 was chosen as the level of significance.
Results
In the one-kidney ewes (Group H) mean arterial pressure in the control period was 106 ± 9 mm Hg; in the control group (Group NH)it was 75 ± 8 mm Hg, which is significantly lower (p<0.01). Maternal heart rate was 114 ±23 beats min"" 1 in group H, which is significantly higher than that in group NH (101 ± 8 beats min" 1 ). Despite the fact that the constrictor around the renal artery in group H was adjusted daily to keep renal arterial blood flow reduced by 20-30 per cent, the blood flow usually rebounded quickly and eventually mean renal arterial flow during the control periods in group H (280 ± 66 ml min" 1 ) was equal to that in group NH (279 ± 76 ml min" 1 ). However, due to the elevated arterial pressure, mean renal arterial resistance in group H (0.41 ± 0.13 mm Hg ml^1 min) was significantly (p < 0.01) higher than that in group NH (0.28 ±0.1).
The actual values of blood flow in the main uterine artery showed marked differences between animals, both in group H and in group NH, whidhuappeared to be due in part to variations in the localization of the flow transducer. Mean uterine artery flow was 255 ± 114 ml min" 1 in group H and 318 ± 145 in group NH, resulting in a mean uterine vascular resistance of 0.42±0.2 mm Hg ml -1 min in group H and of 0.21 ± 0.1 in group NH (p < 0.05).
There were no differences between the groups with regard to fetal heart rate and fetal mean arterial pressure in the control periods. Since umbilical arterial flow was measured in one umbilical artery in some animals and in the common umbilical artery in others, the actual values could not be compared. Mean values of fetal pH (7.39) and pO 2 (21.0 mm Hg) were equal in both groups.
Diazoxide without plasma expander
Without the use of plasma expander, diazoxide caused a rapid and significant fall in maternal arterial pressure in both groups to approximately 50 per cent of control values (Tabs. I and II). The maximum decrease was obtained within 10 minutes after injection. In particular in group H the fall in diastolic pressure was more pronounced than that in systolic pressure, pulse pressure widened considerably. Two hours after injection mean arterial pressure had returned to control values in most normotensive ewes, but was still significantly lower in the hypertensive group. In both groups the fall in arterial pressure was accompanied by a significant increase in maternal heart rate, which was most pronounced in group NH. The relative changes in uterine and umbilical arterial flows and calculated vascular resistances are summarized in Tabs. Ill and IV. Uterine arterial flows fell significantly and in parallel with or somewhat steeper than the arterial pressures in both groups. This resulted in an increase in mean uterine vascular resistance which reached a significant level at 30-60 minutes in group NH. In group NH renal arterial blood showed a variable response: In some cases it fell in parallel with the decrease in arterial pressure, but in other experiments there was evidence of autoregulation. In hypertensive ewes which received diazoxide without plasma expander, there was no evidence of autoregulation of the renal circulation; renal blood flow fell in parallel with the drop in arterial pressure. In both groups no significant changes were observed in fetal arterial pressure. Fetal heart rate started to fall within five minutes following administration of diazoxide to the ewe, and remained significantly decreased during the following 10-15 minutes. Blood flow in the umbilical artery showed a tendency to fall with a rise in umbilical vascular resistance, but the changes were not significant. Fetal pH showed an average maximum fall of 0.09 in both groups, and fetal arterial pO 2 values were found to be decreased by 2-6 mm Hg at 30 minutes after administration of diazoxide. At 120 minutes fetal pH and pO 2 values had returned to control levels in most cases.
Diazoxide with plasma expander
When plasma expander was given during injection of diazoxide, mean arterial pressure in the normoTab. II. Maternal and fetal hemodynamic variables (mean ± S.D.) in hypertensive ewes before and after intravenous administration of 300 mg of diazoxide.
without plasma expander (n = 8) with plasma expander (n = 9) tensive ewe showed a small and non-significant one hour. The fall in arterial pressure was signifidecrease, and maternal heart rate increased (Tabs. I cantly less than that obtained with diazoxide and II). In the hypertensive ewes, however, there without plasma expansion. Maternal heart rate was a significant drop in mean arterial pressure to showed a significant, in some animals twofold, 80-85% of control values, which lasted at least increase which lasted at least two hours. In the normotensive as well as the hypertensive animals renal blood flow showed a tendency to increase during the first 10 minutes following administration of diazoxide, but the change was not significant. A striking increase in systolic-diastolic flow difference, was observed in all animals ( Fig. 1 and 2). In both groups renal vascular resistance showed a significant fall which lasted at least one hour. Mean uterine blood flow and resistance showed no significant changes in normotensive animals. In the hypertensive group, however, administration of diazoxide combined with plasma expansion was followed in the first 10 minutes by a significant drop in uterine vascular resistance in the presence of an unaltered or even increased blood flow in the uterine artery (Tabs. Ill and IV). In both groups no significant changes were observed in fetal heart rate or fetal arterial pressure, nor in blood flow and resistance in the umbilical artery. Fetal pH and pO 2 values at 30 and 120 minutes remained stable.
Discussion
The chronically instrumented one-kidney hypertensive sheep model used in this study shows some pathophysiologic features of pregnancyinduced hypertension as it occurs in humans: an elevated blood pressure with an increased uterine vascular resistance [7] . These findings are in agreement with data reported by BRINKMAN [5] and can be attributed, at least initially, to an increased production of renin by the ischemic kidney [3] . Maintenance of the elevated arterial pressure is supposed to depend on volume expansion, increased cardiac output, and increased peripheral resistance not caused by increased plasma renin activity [3] . Our experiments do not allow any conclusion about these mechanisms, since plasma renin activity, plasma volume, and cardiac output were not measured. However, the significantly elevated maternal heart rate in the hypertensive ewes is compatible with the presence of a hyperdynamic circulation. This would certainly constitute a major difference with human pregnancy complicated by preeclampsia in which intravascular volume is usually contracted [27] and cardiac output is low [11] . The experiments demonstrate that bolus injection of diazoxide without simultaneous plasma expansion in normotensive and hypertensive pregnant ewes causes a rapid and protracted fall in mean arterial blood pressure, with a concomitant fall in renal and uterine blood flows. Accepting that the fall in arterial blood pressure is due to dilatation of peripheral resistance vessels [13] , diazoxide appeared to have no dilating effect on the renal and uterine vasculature. In fact, in many experiments, in particular in group NH, uterine vascular resistance increased, because the decrease in uterine blood flow was proportionately greater than the fall in blood pressure. In normotensive ewes these observations are in agreement with findings reported by others [6, 21] , and could be explained by the fact that uterine vessels in pregnant sheep are normally widely dilated and function at maximum hemodynamic capacity, with a very limited potential for further decrease in vascular resistance [10] . For this reason, there appears to be no effective autoregulation of the uterine circulation by a further decrease in vascular resistance in response to a decreased perfusion pressure [29] . In addition, the acute hypotension following administration of diazoxide, due to systemic vasodilation with an increase in vascular capacity resulting in a fall in effective circulating blood volume, may lead to pathophysiologic mechanisms which are known to be operative in circulatory shock, in particular catecholamine release. This would explain the observed increase in uterine vascular resistance, since in sheep marked uterine vasoconstriction has been shown to occur with even minor alpha-adrenergic stimulation [26] . This hypothesis is supported by our finding that the demonstrated fall in uterine blood flow in normotensive ewes caused by a bolus of diazoxide can be prevented by simultaneous plasma expansion. Volume expansion will abolish the acute fall in effective circulating blood volume and thus prevent secondary catecholamine release. Also slow infusion of diazoxide has been reported to cause no changes in uterine blood flow in normotensive sheep, even in the face of markedly reduced arterial pressures [6] , most likely because gradual endogenous volume shifts prevent the acute reduction in effective circulating blood volume which occurs following bolus injection. In hypertensive ewes diazoxide combined with plasma expansion appeared to significantly reduce the elevated uterine vascular resistance, resulting in a stable or even increased uterine arterial blood flow. Diazoxide apparently does have a vasodilator effect on uterine vasculature which is not maximally dilated, provided that circulating volume is maintained.
It should be noted that in these experiments central venous pressure was not measured. For that reason we used the mean arterial pressure and not the actual perfusion pressure to calculate vascular resistances. Volume expansion may have caused an increase in venous pressure. Therefore, in volume expanded, animals true vascular resistances even may have been somewhat lower than the resistances calculated on the basis of mean arterial pressures alone. Administration of diazoxide was accompanied in both groups by a significant and rather protracted increase in maternal heart rate. Plasma expansion appeared to have no influence on the maternal cardioacceleration and experiments by others indicate that it cannot be inhibited by betaadrenergic receptor blockade [19] . A 40-50 per cent rise in maternal heart rate is also reported to occur in preeclamptic patients treated with an intravenous bolus of diazoxide and has been attributed to a baroreceptor induced reflex tachycardia [8, 18, 25] . The observation that tachycardia also occurred in group NH, where diazoxide with plasma expansion had virtually no effect on arterial blood pressure, suggests that diazoxide could also have a direct positive chronotropic effect on the maternal heart. Before and between experiments the renovascular hypertensive state appeared to cause no fetal distress: All fetal variables determined in the control period in hypertensive ewes were comparable with those obtained in normotensive controls. The fall in uterine blood flow caused by a bolus injection of diazoxide without plasma expansion was accompanied by moderate fetal hypoxia with a decrease in fetal pH, although overt fetal acidosis did not occur. These findings are in agreement with those reported by others [6, 16] and support existing experimental evidence that the healthy sheep fetus can tolerate a marked reduction in uterine blood flow without signs of compromise [10] . However, it seems likely that the transient fetal hypoxia must be held responsible for the observed fall in fetal heart rate which, under these circumstances, will result in a fall in combined ventricular output [22] . Since in our experiments umbilical flow remained rather stable, important redistribution of fetal blood flows must have occurred, favoring the placenta. Against the background of this data it can be understood that, if the fetus is already acidotic, a diazoxide-induced reduction in uterine blood flow may result in progressive fetal deterioration [16] . In both groups of experimental animals plasma expansion appeared to prevent any effect of an intravenous bolus of diazoxide on fetal oxygenation and acid-base status, most likely because uterine blood flow was maintained or even increased in the face of a marked reduction in mean arterial pressure.
In conclusion, the results of the present experimental study support the clinically demonstrated efficacy of an intravenous bolus of diazoxide in lowering maternal blood pressure in hypertensive pregnancy. Although we recognize the dangers and limitations of extrapolating our data to preeclampsia in human pregnancy, it is conceivable that fetal distress reported to occur following bolus injection of diazoxide in preeclamptic patients [20, 23] is due to a fall in uteroplacental blood flow, which may be" prevented by plasma expansion. In preeclamptic patients the decrease in effective circulating volume following diazoxide may even be expected to be more pronounced than in one-kidney hypertensive ewes, because of the contracted plasma volume in this condition.
Summary
Diazoxide is a potent antihypertensive agent due to its peripheral vasodilator action. For this reason it is used in the management of hypertensive crises in pregnancy. To assess the effects of an intravenous bolus injection of diazoxide on maternal and fetal hemodynamics an experimental study was performed in 11 chronically instrumented pregnant sheep. In six ewes hypertension was induced by surgical removal of one kidney and reduction of arterial blood flow to the remaining kidney (onekidney renovascular hypertension). The other five ewes remained normotensive. In a second .operation, one week after the first one, the animals were equipped with electromagnetic flow transducers and catheters for monitoring of blood flow in a renal, a uterine, and an umbilical artery and for measurement of maternal and fetal arterial blood pressures, and blood sampling. Maternal heart rate was derived from the arterial pressure curve, fetal heart rate from a fetal ECG.. Experiments were begun on the third day after the second operation. In each experiment a bolus of 300 mg of diazoxide was J. Perinat. Med. 12(1984) administered intravenously, with or without rapid simultaneous infusion of 500 ml of a plasma expander. A total of 17 experiments were performed in the one-kidney hypertensive ewes (Group H), nine with and eight without plasma expander. In the five normotensive animals (Group NH) 10 experiments were done, four with and six without plasma expansion. During the control periods maternal arterial pressure was approximately 30 mm Hg higher in Group H than in Group NH. In Group H also maternal heart rate, and renal and uterine vascular resistances were significantly elevated. All fetal variables were equal in both groups. Administration of diazoxide without simultaneous plasma expansion resulted in both groups in a significant fall in maternal arterial pressure, a rise in maternal heart rate, and a fall in uterine and renal blood flows with a rise in vascular resistance. Fetal arterial pressure and umbilical blood flow showed no significant changes, but fetal heart rate showed a transient fall together with a drop in fetal pC>2 and pH, although acidosis did not occur. When diazoxide was combined with a plasma expander maternal blood pressure did not change significantly in Group NH, but fell in Group H. Maternal heart rate rose significantly in both groups. The decrease in uterine and renal blood flows which occurred when diazoxide was given without plasma expansion was not observed. In particular in Group H renal and uterine vascular resistances showed a significant fall. Fetal variables showed no change. These results indicate that diazoxide is a potent vasodilator, and that its circulatory effects are dependent on the maintenance of an effective circulating blood volume. Administration of an intravenous bolus of diazoxide leads to a sudden rise in vascular capacity with a decrease in effective circulating volume resulting in a fall in renal and uterine blood flows. The decrease in uteroplacental perfusion can be compensated by a healthy but most likely not by an acidotic fetus. These undesirable effects of diazoxide are prevented by simultaneous plasma expansion. It is concluded that the adverse effects of diazoxide on the fetus reported in preeclamptic patients may be due to the experimentally demonstrated fall in uteroplacental blood flow, which may be prevented by simultaneous plasma expansion.
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